This case study aims to discuss a proposal for identifying anterior cruciate ligament injury (ACL) risk by observing the variability of side cutting kinematics with respect to the development of fatigue. One participant (n=1) sustained an ACL injury while performing a side-cutting task during the latter stages of a soccer match a few months after a recorded laboratory session. Data from his laboratory session were then compared to matched samples of seventeen healthy, uninjured participants (n=17). The injured participant was found to have performed his side-cutting task with a lower deviation than mean variability before the later stages of the second half of simulated soccer match-play. Over time, the participant performed sidecutting tasks with increasing variability in sagittal plane kinematics, suggesting that compensatory actions may have been implemented to facilitate the task execution. This elevated variability may be indicative of an increased risk of ACL injury. Further prospective investigation is warranted to gain a deeper understanding of how variabilities may play a role in task execution performance with respect to injury mechanisms.
Introduction
The knee is one of the most commonly injured regions among athletes (Wahab et al., 2015) . In soccer, ligament ruptures and strains such as the anterior cruciate ligament (ACL) injury comprise nearly a third of knee injuries, making them the most likely injury to be sustained by an athlete (Herrero et al., 2014) . Epidemiological observations have indicated that most ACL injuries have been non-traumatic in nature (Agel et al., 2007; Boden et al., 2000; Brophy et al., 2010; Faunø & Wulff, 2006; Griffin et al., 2000; Waldén et al., 2011) . According to Agel et al. (2007) and Ekstrand et al. (2011) , the likelihood of an athlete sustaining a non-traumatic ACL injury can increase up to six-fold during matches in comparison to practice. High intensity physical exertion thus forms a crucial factor in increasing non-traumatic ACL injury risk among players. Recent advances in ACL injury risk screening research have thus implemented repeated, sportsspecific physical exertions into various markers of ACL injury risk to seek further understanding on how fatigue induced from these sports-specific exertions may play a role in escalating the injury risk (Cone et al., 2012; Cortes et al., 2013; Cortes et al., 2012; Greig, 2009; Raja Azidin et al., 2015; Sanna & O'connor, 2008; Shultz et al., 2013; Shultz et al., 2015) . This study presents a non-traumatic ACL injury suffered by an athlete while performing a side-cutting task during a soccer match and discusses the prospect of identifying variabilities in task execution patterns as a predictive marker of ACL injury risk.
Case Study

Injury Case
One male athlete (age: 24 years; height: 1.63 m; body mass: 61 kg) performed a series of side-cutting trials in a laboratory. The university ethics committee approved the study. The participant was instructed to run an overground simulated soccer match-play consisting of multidirectional acceleration and deceleration components intermittently to replicate physical and physiological exertions observed in soccer matches. Further details of the overground simulated soccer match-play protocol can be found elsewhere (Barreira et al., 2016; Raja Azidin et al., 2013) . At selected time points during the simulation (Time: 0min, 45min, 60min, 105min), the participant was required to perform five anticipated, 45˚ side-cutting tasks. Each task was video recorded for analysis.
Approximately two months after the laboratory session, the participant sustained a knee injury on his dominant leg following a side-cutting maneuver around the last 5 minutes of a soccer match. Upon clinical inspection by an orthopedic specialist, the injury was diagnosed as a complete rupture of the ACL. The anterior Drawer test was positive and magnetic resonance imaging (MRI) confirmed the diagnosis. Before the current injury, the participant had normal foot function and no injury of the lower limbs, and especially in the knee region, in the previous 8 months.
Biomechanical Model
The participants in this study were required to wear tight-fitting compression wear. Five spherical markers were attached to selected bony landmarks depicting sagittal plane movements of the hip and knee joint, as well as to aid in initial contact identification ( Figure 1 ). The hip angle was formed by two lines originating from the acromion process and the lateral femoral epicondyle and intersected at the greater trochanter, whereas the knee angle was formed by two lines originating from the greater trochanter and the lateral malleolus and intersecting at the lateral femoral epicondyle (Dingenen et al., 2015a; Dingenen et al., 2015b) . A fifth marker was attached to the fifth metatarsophalangeal joint for initial contact identification. 
Side-cutting Kinematics Assessment
Side cutting tasks were selected during the laboratory session because its maneuvers mimic the most commonly reported kinematics and demands of the lower limb during ACL injury occurrence (Faunø & Wulff, 2006; Hawkins et al., 2001; Mclean et al., 2004) . Further reports on the reliability of side cutting kinematics have been published and presented elsewhere (Hamdan et al., 2017a; Hamdan et al., 2018b; Hamdan et al., 2017c; Sankey et al., 2015) . All side cutting tasks were performed inside a 0.30 × 0.30 m box marked on the ground with two high-speed cameras (Exilim ZR-800, Casio, USA) set at 240 frames per second (fps) and a pixel resolution of 512 × 384 placed perpendicularly to both sides (sagittal plane) of the side cutting box. The height and distance of the cameras were adjusted accordingly to fit the full model of the markers into the recorded display in order to ensure that the markers were all visible for processing.
The speed of the side cutting tasks was standardized using timing gates (Swift Performance, USA) which were set up 2 m apart and 2 m from the designated landing box for the side cutting task execution. The approach speed range was set at 4 -5 ms -1 to ensure a safe approach speed to approach the cutting maneuver with representative kinematic data for injury risk assessment (Vanrenterghem et al., 2012) . Trials with approach speeds not within the set range were excluded from the analysis. The side cutting tasks utilized were anticipated in nature and consists of a 45˚ change of direction. Cones were also placed at 45˚ of deviation from the runway in addition to floor markings representing a target gate for exiting the 45˚ side cutting task. The participant performed five successful trials of side cutting for the dominant limb at all selected time point.
Kinematic Changes of Hip and Knee Angles at Initial Contact Following Simulated Soccer Match-play
Repeated measures analysis of variance revealed that both the hips and knees were oriented at a more extended at initial contact of side cutting maneuvers as the simulated soccer match-play progresses and these findings have been published and presented elsewhere (Hamdan et al., 2017b (Hamdan et al., , 2018a Hamdan et al., 2018b) . These findings are in line with previous studies (Greig, 2009; Raja Azidin et al., 2015; Sanna & O'connor, 2008) and suggest that fatigue from soccer-specific exertions may play a role in increasing ACL injury risk.
Kinematic Comparisons of the Injured Participant versus Uninjured Participants
Data are presented in terms of mean and standard deviations (SD). A similar procedure of the side-cutting kinematics assessment was performed by 17 other male participants (Age: 23.1 ± 4.7 years; Height: 1.7 ± .1 m; Mass: 70.6 ± 10.4 kg) and matched against the injured participant's trials. Hip and knee extension normalized root-mean-square deviations (NRMSD) were computed to compare variabilities between datasets with different sizes (N = 17 vs. n = 1). Normalized root-mean-square deviations were defined as the SD denominated by the range of the measured data (i.e. hip and knee extension; (Ris et al., 1999; Zambresky, 1989) ).
[Eq. 1] Table 1 and Figure 2 show the means, NRMSD and mean variabilities for hip and knee angles at initial contact during side cutting tasks for all participants in comparison to the injured participant's trials. As we were interested in exploring the variabilities in task execution, each participant's individual hip and knee extension SDs were treated as the observed data to calculate mean variability, which was calculated by getting the sum of SD of all participants and with the number of participants (N = 17) as demonstrated below:
[Eq. 2] Figure 2 shows a graphical representation of the mean and variabilities of the hip and knee angles at initial contact of side cutting tasks throughout the soccer match-play simulation.
Discussion
The aim of this paper was to discuss the prospect of identifying variabilities in task execution patterns as a predictive marker of ACL injury risk.
Previous studies by Greig (2009) (2008) have looked into mean extension angles of the hip and knees during cutting maneuvers over the course of fatigue development during soccerspecific maneuvers. The hips and the knees have universally been observed to be significantly more extended at initial contact during cutting maneuvers, proposing that fatigue may have implications on hamstrings and quadriceps co-activation synchrony during the task maneuver, leading to an increased shear force acting on the ACL. This situation, combined with an elevated ACL angle from an extended knee (Blackburn & Padua, 2008) , and a posteriorly shifted centre of mass due to an erect orientation at the hips could easily load the ACL beyond its breaking point.
Based on the mean hip and knee angles of the injured participant, we can observe a pattern of increasing extension in both joints at initial contact during side-cutting tasks as the participant accumulates fatigue. This corresponds well in comparison to all other participants' side-cutting kinematics and appears to be in an agreement with previous studies, suggesting an increased risk of injury. There were notable reductions in hip and knee angles of the injured participant. We speculate that this may be the outcome of compensatory measures in landing strategies implemented by the participant following repeated exertions. This speculation will be further discussed in parallel to the variability observations reported.
Normalized root-mean-square deviations reveal that the injured participant had notably higher variability in hip and knee extension execution during side cutting. These variabilities appear to be incremental throughout the progression of fatigue (hip: 0min -105min; knee: 0min -45min, 60min -105min). These variabilities may be indicative of an existing characteristic predisposing the participant to greater injury risk. Although the increased variability contradicts the findings by Falla et al. (2014) , the discrepancies in the observations may be due to the parameters measured in the respective studies. This study attempted to observe the characteristics of biomechanical orientations presented by a future-injured participant while Falla et al. (2014) observed variabilities in muscle activities among injured participants.
From the perspective of functional stability, A study by Greig and Walker-Johnson (2007) noted that balance performance was not affected by soccer-specific fatigue; however, they also noted deflections off the stabilometer surface, which they attributed to a change in the postural control strategy. Adlerton et al. (2003) explained that postural control strategies from the ankle to the hip may be altered from a habitual strategy to produce compensatory corrections in order to maintain functional stability. From the sagittal plane, these corrections may be produced by reducing or increasing joint extension angles at the hips and the knees and (Greig & Walker-Johnson, 2007) . Another noteworthy explanation for this fatigue-induced compensation phenomena could be the reduced distribution variation of muscle activity across the quadriceps and hamstrings during the execution of a side-cutting task. Falla et al. (2014) reported that reduced variability in muscles activation distribution has been observed to be consistently present among participants who suffer muscle pain and this condition may pose detrimental implications for the provocation of injury due to fatigue attributed to repeated tasks. Another muscle activation impairment has also been proposed by Hashemi et al. (2011) , suggesting that fatigue may inhibit and impair co-contraction of the muscles. This impairment may lead to an unstable orientation in the joint where the muscles are attached to and may inhibit the ability of an antagonist muscle to negate the shear force produced by the agonist muscle, rupturing the ligaments holding the joint in place.
As these alterations occur during the bouts of fatigue from repeated high-intensity physical exertions, joint stability may be compromised. It should be noted that whilst balance performance is maintained, these fatigue-induced alterations in strategy may place an athlete in a more vulnerable position and increase his susceptibility to injury (Greig & Walker-Johnson, 2007) . This corresponds to increased anterior-posterior laxity observed with physical exertions observed among athletes as demonstrated by Shultz et al. (2015) , specifically promoting greater hip external and knee internal rotation and knee valgus during landing.
In the case of our injured participant, we can observe an increased variation in knee extension angles beyond the variability observed among our uninjured participants as represented by the standard deviations of the knee angle. Note that the deviation in the variability of hip and knee angle started to occur at the end of the second half of the soccer match-play simulation (105 min), approximately the similar time whence the participant sustained his injury during an actual match. This may be indicative of the change in postural control strategy to compensate and accommodate functional stability, as explained by Adlerton et al. (2003) , triggering a chain of disruptions in his landing biomechanics.
This case report proposes a prospective utility of the sagittal plane side-cutting variability as a possible marker for identifying ACL injury risk. To our knowledge, this is the first study to explore the variabilities of the side cutting kinematics at IC with an actual injury mimicking that observed during the laboratory session happening in an actual match. However, these observations do suffer from certain limitations. Limited information was available from the frontal and transverse plane motions during the laboratory trials and the actual match, thus a three-dimensional (3D) motion analysis may allow for such information plus a more aggressive observation compared to a 2D motion analysis with a more standard variability in degrees of freedom (DOF). In addition to hip and knee angles at initial contact, several other parameters should be included in the observation such as peak flexion angles or flexion range of motions. This information may be crucial in adding a critical understanding of how the variability of side-cutting motion may play a role in identifying ACL injury risk. Furthermore, a proper, prospective study with a greater sample size should be conducted to seek proper justification to this proposal of a marker of ACL injury risk, as n = 1 data should be carefully approached.
Conclusion
This paper discusses the utility of variability in task execution kinematics as a predictive marker of ACL injury risk. At the time corresponding to the injury, the participant performed a side-cutting task with increased variability, suggesting an array of impairments in muscle activation due to fatigue inhibition alongside several compensatory measures to maintain functional stability while performing the task. However, limited information is available regarding the role of kinematic variabilities with respect to injury mechanisms as well as the proper tool in comparing n = 1 variability to population variabilities. To our knowledge, this case study is the first to approach side cutting kinematic variability as a potential marker for injury risk screening. This paper contributes knowledge to the body of literature and raises a debate on the prospective utility of kinematic variabilities in identifying ACL injury risk over the development of fatigue.
